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Abstract We assessed the relative importance of
human activity and environmental suitability as
drivers of compositional dissimilarity of alien birds
for 65 of the most populous cities of the Iberian
Peninsula. We examined how these drivers relate to
Zeta diversity (f) for alien Passeriformes and Psittaci-
formes. We performed the analysis using multiple
orders of f, which provides insight on the role played
by rare and common species in determining levels of
dissimilarity. We also ran the analyses using the
community of native Passeriformes as a phylogenet-
ically close contrasting control. Our results showed
that the proportion of urban area, a variable related to
colonization and propagule pressure, had a strong
influence on Psittaciformes but not on alien Passeri-
formes. This latter group showed to be primarily
influenced by environmental factors, similarly to what
was found for native Passeriformes. On other hand,
human connectivity, as measured by distance through
roads and railways seemed to play a significant role in
shaping the compositional dissimilarity of alien
Passeriformes, but not Psittaciformes. Regardless of
the group analysed, the relative importance of the
explanatory variables was similar for both rare and
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de Doñana (EBD-CSIC), Seville, Spain
G. Latombe
Department of Mathematical Sciences, Centre for
Invasion Biology, Stellenbosch University,
Matieland 7600, South Africa
J. D. Anadón
Department of Biology, Queens College, City University
of New York, New York, USA
J. D. Anadón
Biology Program, The Graduate Center, City University
of New York, New York, USA
P. Abellán
Department of Zoology, Universidad de Sevilla, Seville,
Spain
L. Cardador
Department of Genetics, Evolution, and Environment,
Centre for Biodiversity and Environment Research,
University College London, London, UK
M. Carrete
Department of Physical, Chemical and Natural Systems,
University Pablo de Olavide, Ctra. de Utrera, km. 1,
41013 Seville, Spain
123
Biol Invasions (2020) 22:1447–1460
https://doi.org/10.1007/s10530-020-02196-7(0123456789().,-volV)( 0123456789().,-volV)
common species. Our findings highlight differences
between the factors driving compositional dissimilar-
ity for distinct groups of birds. While the emerging
biogeography of Psittaciformes is mainly a reflection
of distinctiveness in urban areas, alien Passeriformes
are more strongly affected by the natural environment
and thus their biogeography may increasingly resem-
ble the one of their native counterparts.
Keywords Biological invasions  Iberian Peninsula 
Multi-site generalized dissimilarity modelling 
Passeriformes  Psittaciformes  Zeta diversity
Introduction
Alien species are an increasingly prevalent component
of ecosystems worldwide (Seebens et al. 2017;
Dawson et al. 2017), and are irreversibly changing
the diversity and distribution of life on Earth (Vilà
et al. 2011; Capinha et al. 2015). Although in some
specific cases alien species can provide conservation
benefits (Schlaepfer et al. 2011), most often they cause
the decline and extinction of native species, important
economic losses or human health problems (Clavero
and Garcı́a-Berthou 2005; Tatem et al. 2006; Hulme
2009; Simberloff et al. 2013; Bellard et al. 2016).
Hence, understanding the patterns of distribution of
alien species is crucial to plan effective monitoring
and management actions in order to avoid further
detrimental impacts on native ecosystems.
The distribution of alien species is determined by a
variety of factors that may differ in relative impor-
tance and interact in different ways throughout the
invasion process, i.e. from their initial transportation
outside their native ranges to their spread after
naturalization (Blackburn et al. 2011). For instance,
factors related to human activity can be relevant in
determining the distribution of aliens by mediating
colonization pressure, i.e. the number of species
introduced or released to a single location; propagule
pressure, i.e. the frequency and number of individuals
introduced into a region (Lockwood et al. 2005, 2009;
Blackburn et al. 2015; Dyer et al. 2017); and
disturbance levels (Redding et al. 2019). Spatial
connectivity or proximity among areas can play an
important role after human-mediated introductions, so
that nearby suitable locations are expected to be
colonized earlier than distant ones due to dispersal
limitations (Veech et al. 2011; Abellán et al. 2017).
However, the presence of human-made linear infras-
tructures such as roads and railways may accelerate
and facilitate dispersal movements, particularly
throughout otherwise inhospitable matrices (Suarez
et al. 2001; Muirhead et al. 2006; Wilson et al. 2009;
Minor et al. 2012; Glen et al. 2013; Ascensão and
Capinha 2017). On the other hand, environmental
conditions can act as filters or barriers to their
establishment (Walther et al. 2009; Veech et al.
2011; Abellán et al. 2017). Thus, the study of the
relative importance of these drivers on species com-
position may provide important information about the
processes underlying biological invasions and its
consequences for emerging biodiversity patterns.
Moreover, uncovering the factors that determine the
compositional dissimilarity—the proportion of spe-
cies unique to each community—of alien species
across the landscape and what distinguishes them from
natives, may offer important insights on the role of
particular drivers such as environmental filtering and
geographical connectivity on species invasiveness
(Winter et al. 2010; Yang et al. 2015; Hui and
Richardson 2017; Latombe et al. 2018, 2019).
Compositional dissimilarity has been generally
studied using pairwise comparisons of sites, mainly
b-diversity (Socolar et al. 2016). However, limiting
the analysis to pairwise comparisons fails to compre-
hensively capture information on compositional dis-
similarity, as it disproportionately represents the effect
of rarer species across communities (Baselga 2013;
Hui and McGeoch 2014), therefore not accounting for
the fact that common species can have a dispropor-
tionate impact on ecosystem services and functioning
(Gaston 2010). Despite the existence of multi-site b-
diversity metrics (e.g. Baselga et al. 2007), they are
still based on averages of pairwise comparisons and
are not straightforward to interpret.
Zeta diversity (f), the number of species shared by
multiple sites, has been proposed as a concept to
overcome those limitations, by accounting for the
contribution of rare, intermediate and widespread
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species to compositional differences (Hui and
McGeoch 2014; Latombe et al. 2017b, 2018, 2019).
f-diversity corresponds to a suite of measures, where
f2 is the number of species shared by any two sites, f3
is the number of species shared by any three sites, and
so on (the number of sites is called the order of f). The
rationale is that only widespread species are shared by
multiple sites, and the number of species shared by a
larger number of sites (high orders of f) is necessarily
lower than the number of species shared by few sites
(low orders of f). Rare species, shared by a small
number of sites, therefore disproportionately con-
tribute to low orders of f (and particularly to b-
diversity), whereas widespread species, shared by a
large number of sites, contribute to higher orders of f.
The observation and comparison of multiple orders of
f therefore enables the differentiation between rare
and widespread species dissimilarities.
Here, we examined how f-diversity for alien bird
species in the Iberian Peninsula (i.e., mainland Spain
and Portugal) relates to spatial variables representing
human-related factors and environmental suitability
and taking into account the role played by the spatial
connectivity among sites. We focused on alien
Psittaciformes and Passeriformes because they repre-
sent more than half of all alien bird species introduced
in the study area in the recent past (1900’s onwards)
through international trade (Abellán et al. 2017).
However, little is known about the main determinants
of their distribution. We further focused on cities as
units of analysis, as these are often the main
introduction points of alien species, and particularly
birds (McKinney 2006; Abellán et al. 2016), while
also being potential ‘launching sites’ for invasions of
natural sites (McLean et al. 2017). Moreover, there is a
lack of knowledge regarding alien species’ patterns
and dynamics, and how to address the related
management challenges, in towns and cities (Salomon
Cavin and Kull 2017). To realize to what extent the
studied factors are shaping the diversity of alien birds
in cities, we performed an equivalent set of analyses
using the community of native Passeriformes as a
phylogenetically close contrast control (there are no
native Psittaciformes in the Iberian Peninsula).
We tested three hypothesis and respective predic-
tions related to the role of different explanatory
variables and spatial connectivity on the composition
dissimilarity of the communities of alien birds. The
use of f-diversity further allowed us to question if the
effect of those putative drivers would be similar for
rare and common species, with potential implications
for better understanding the drivers of impact of alien
species. Our first hypothesis (H1) relates to the effect
of human activity. Specifically, we hypothesized that
variables related to levels of human activity, such as
the extent of urban area, explain a relevant fraction of
variation in the composition of alien bird communi-
ties. This hypothesis is grounded on the assumption
that larger cities provide higher levels of colonization
pressure, propagule pressure and propagule number
(Spear et al. 2013). The second hypothesis (H2) was
that the compositional dissimilarity of alien species is
less driven by environmental suitability when com-
pared to native species. This is because the introduc-
tions (intentional or not) and consequent
establishment of alien birds on the Iberian Peninsula
have occurred non-randomly across the region and in
multiple occasions (Abellán et al. 2016), indepen-
dently of the climate or habitat, and their compara-
tively short residence time would imply that species
distributions have been less filtered by the environ-
ment (Latombe et al. 2018). Conversely, the distribu-
tion patterns of native birds have been shaped by the
environment for millennia. As so, we expected that
environmental variables such as habitat types or
climate to have lower importance in shaping the
compositional dissimilarity of alien birds, compared to
native birds. Finally, our third hypothesis (H3) was that
the connectivity through linear transportation infras-
tructures is more important in shaping the composi-
tional dissimilarity among alien species, when
compared to native species, as the use of human
transportation networks can allow alien species over-
coming dispersal limitations imposed by novel,
inhospitable environments.
Methods
Study sites and species data
We considered all the cities of the Iberian Peninsula,
as defined by Natural Earth (www.naturalearthdata.
com, layer ‘Populated Places’; Fig. 1). This dataset
includes all country capitals and many regional capi-
tals, major cities and towns, plus a selection of smaller
towns in sparsely inhabited regions, thus favoring
regional significance over population census. For each
123
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city (n = 65), we grouped the species occurrences of
the eight 10x10 km UTM cells neighbouring the UTM
cell of each city centroid. This procedure aimed to
lessen the effect of differences in the area of cells
across the territory, but it might have overrepresented
non-urban areas in small cities and underrepresented
the sampling area in coastal cities (Supplementary
material S1).
We used the dataset of alien bird species introduced
in the Iberian Peninsula through international trade
developed by Abellán et al. (2016, 2017). We
complemented this dataset with information from the
database comprising all observations of alien terres-
trial vertebrates in the Iberian Peninsula, including
from citizen science, personal and museum data, and
publications, which was filtered and validated through
an expert-based knowledge process. That is, all
records of non-native species were examined by
experienced researchers who, given the evidence
presented (e.g. photo) and/or likelihood of the species
using the habitat where it was detected, validated or
not the record of the species [Ascensão et al. submit-
ted]. We then selected only those alien species known
to have bred in the Iberia Peninsula based on the
database compiled by Abellán et al. (2016, 2017), to
reduce the effect of species recently introduced. The
information on native Passeriformes was obtained
from published atlases and databases (Equipa Atlas
2008; Loureiro et al. 2008; Catry et al. 2010; IEET
2014). Both types of data provided species records
georeferenced to the UTM system and using a
resolution of 10x10 km. The final dataset included
information for 11 Psittaciformes, 21 alien Passeri-
formes, and 95 native Passeriformes species
(Table S2.1 in Supplementary material S2).
Fig. 1 Location of studied cities (circles) in the Iberian Peninsula
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Drivers influencing composition dissimilarity
To obtain the pairwise distances along roads and
railways (hereafter DRR) we first calculated the road
and railway density for every 5x5 km grid cell in the
Iberian Peninsula, using QGIS (2018). We chose this
higher resolution to obtain more accurate distance
measurements between cities. We then calculated, for
each pair of cities, the length of the shortest path
through the road density layer (where higher density
represents lower cost), using the shortestPath function
of the R package ‘gdistance’ (van Etten 2017). For
each city, we collected information on six spatial
explanatory variables representing human activity
(i.e., the proportion of urban area) and environmental
suitability (i.e., mean annual temperature, mean
aridity, proportion of arable land, proportion of
pastures and proportion of forests) (Table 1). The
resulting variables by city are presented in Table S2.2
in Supplementary material S2.
Data analyses
In order to analyse the f-diversity across cities, we
used the Multi-Site Generalized Dissimilarity Model-
ing approach (MS-GDM) (Latombe et al.
2017b, 2018, 2019) to analyse the f-diversity across
cities. MS-GDM allows integrating f-diversity into
Generalized Dissimilarity Models (Ferrier et al. 2007),
a regression technique that enables to explain changes
in species composition (b-diversity) as a function of
differences in biogeographical variables between
sites. By extending this approach to f diversity, i.e.
by applying it for different orders of zeta, MS-GDM
allows to understand how different variables may
explains changes in species composition for different
levels of rarity and commonness of species. MS-GDM
also allows accounting for the distance between sites
(here Euclidean or DRR) when computing such
relations. MS-GDM was performed using a three-step
process:
(i:) Each explanatory variable x is normalised
and transformed into 3 I-splines (Ramsay
1988)—I1(x), I2(x) and I3(x)—which are non-
Table 1 Main drivers considered affecting the compositional dissimilarity patterns of Passeriformes and Psittaciformes in major










Aridity Index (AI) = MAP/MAE, where
MAP = Mean Annual Precipitation, and
MAE = Mean Annual Potential Evapo-
Transpiration. AI values increase for more
humid conditions and decrease with more arid
conditions
Trabucco and Zomer (2009)
Urban area 0.12 (0.11);
0.01–0.68
Proportion of each land cover class within a
15 km radius from the city centroid
CORINE land cover; URL: https://land.copernicus.
eu/pan-european/corine-land-cover/clc-2012. Ur-
ban area (Classes 1.1.1 to 1.4.2); Arable Land
(Classes 2.1.1 to 2.1.3); Pastures (Class 2.3.1).
Dataset version of 2012






Mean Tree Cover Density within a 15 km radius
from the city centroid. Dataset version of 2012
Tree Cover Density 2015, URL: https://land.
copernicus.eu/pan-european/high-resolution-
layers/forests
Summary data presents the mean with standard deviation between brackets, and the range (min–max). Before modeling, we checked
for collinearity among all explanatory variables using Pearson correlations. All pairs exhibited low correlation (absolute Pearson
correlation\ 0.5)
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linear, monotonically increasing splines with
values between 0 and 1 to allow for compa-
rability between variables (note that more
than 3 splines can be used, but that may lead
to overfitting).
(ii:) For each combination of n cities, the average
difference between the Ii(x) is computed.
(iii:) A GLMwith a binomial distribution and a log
link function is used to assess the relationship
between fn and the I-splines. Importantly, for
each combination of n cities, fn is divided by
the minimum richness S of the n cities (i.e.
Simpson’s dissimilarity index), therefore
making this measure of turnover independent
from richness (Baselga 2010).




















where p is the identifier of a variable x, i and j are two
different cities within a combination of n cities, {}n is a
set of pairwise combinations of n cities, g is the mean
of the absolute value function (the mean of the
difference of a variable for all pairwise combinations
was therefore used to summarise environmental
difference across the n cities) (Latombe et al.
2017b), and bpk is the coefficient associated with the
spline k of variable xp. One assumption of MS-GDM is
that if species composition is driven by environmental
and spatial variables, the number of species in
common between a given number of sites necessarily
decreases monotonically with the environmental gra-
dient and spatial distance (Ferrier et al. 2007; Latombe
et al. 2017b). Hence, a negative constraint is imposed
on the sign of the bpk coefficients. For each continuous
variable x, the total I-spline can then be computed as:
IT xð Þ ¼
P3
k¼1
biIi xð Þ, which is therefore monotonic and
accommodates non-linearity. See Latombe et al.
(2017b) for in-depth details.
Three types of MS-GDM were built for each group
of birds (Psittaciformes, alien Passeriformes and
native Passeriformes), namely i) not including the
distance (d) between sites, (ii) including the average
Euclidean or iii) including the DRR. Hereafter we will
refer to these three models as ‘Null-distance’, ‘Eu-
clidean’, and ‘DRR’, respectively. All three types of
models included the same human-related and envi-
ronmental variables described in Table 1. For each
model, we analysed f-diversity for orders 2 [equal to
the turnover component of b-diversity (Baselga
2010)], 3, 6 and 12, therefore capturing the effect of
the different drivers on species dissimilarity, consid-
ering the different influence of rarer to more common
species (low to high orders, respectively). For com-
putational efficiency, 1000 combinations of n cities
were randomly drawn, as the total number of possible
combinations exceeded this number when f order[ 2.
For example, the possible combinations for f3 given
the 65 cities is 65!/((3! (65 – 3)!)) = 43,680. Since
there are many more combinations than the 1000 used
in the analyses, the three-step process was replicated
100 times for each combination of bird group and zeta
order.
Within each bird group and f order and replicate,
we ranked the different models (‘Null-distance’,
‘Euclidean’, ‘DRR’) using their DAIC for each of
the 100 replicates (the set of sampled cities was the
same across the three groups for each combination and
order, and so the three models were comparable for the
same replicate). We considered that a model was more
parsimonious if its AIC was\ 2 relatively to the other
models’ AIC (Burnham et al. 2004). For each MS-
GDM, we computed the predicted zeta values and
calculated the Pearson R2 between the observed and
predicted zeta values to represent the explained
variance of the model (following Latombe et al.
2018). Finally, we plotted the median of the splines
I(x) across replicates from the MS-GDM to evaluate
the relative importance of the variables within each
bird group and f order. The median of the I-splines of
each biogeographical variable provide two useful
pieces of information (Ferrier et al. 2007; Latombe
et al. 2017b, 2018): (1) the maximum value of the
I-spline indicates the importance of changes in the
variable values relative to others (for the same order)
in explaining zeta diversity; and (2) the variation in
slope indicates how the rate of compositional dissim-
ilarity changes along an environmental gradient (see
Fig. 4 for example). All analyses were performed in R
environment (R-Core-Team 2017). MS-GDM were
performed using the R package ‘zetadiv’ 1.1.0
(Latombe et al. 2017c).
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Results
Multi-Site Generalized Dissimilarity Modeling
The proportion of variance explained by the three MS-
GDM (Null-distance, Euclidean and DRR) averaged
(± SD) 0.12 ± 0.04 for Psittaciformes, 0.16 ± 0.05
for alien Passeriformes, and 0.33 ± 0.05 for native
Passeriformes across the zeta orders (Fig. 2). Overall,
the variance explained was higher for mid-orders of
zeta and for those MS-GDM including a distance
metric between cities (Euclidean or DRR), except for
Psittaciformes, for which including a distance metric
did not change the variance explained. Interestingly,
for alien Passeriformes, the median of the explained
variance across zeta orders was always higher for the
MS-GDM including the DRR, while for native
Passeriformes, the MS-GDM including the Euclidean
distance generally performed better (Fig. 2). These
results were supported by the AIC ranking (Fig. 3), for
Psittaciformes the MS-GDM Null-distance received
higher support in 63% of all replicates (mean value
across orders), whereas for alien Passeriformes the
MS-GDM including a distance metric received a
higher support (lower AIC) in 32% and 17% of the
replicates (mean values across orders), respectively
Fig. 2 Boxplots of variance explained by the threeMS-GDM, as measured by the Pearson correlations between observed and predicted
values, for the three bird groups and different zeta-diversity orders. Whiskers represent 1.5 IQR distance from the first and third quartile
123
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for DRR and Euclidean distances. For native Passer-
iformes, the MS-GDM including a distance metric
received a high support only for orders 2 and 3,
averaging 35% and 40% of the replicates (mean values
across these two orders), respectively for DRR and
Euclidean distances. The results suggest that the
compositional dissimilarity of alien Passeriformes
may be partially driven by human transportation
infrastructures at all scales considered. Likewise, the
compositional diversity of some rarer native Passer-
iformes may also be linked to human-related connec-
tivity. However, the two matrices of distances
(Euclidean and DRR) were highly correlated
(r = 0.95, p\ 0.01), thus hindering the interpretation
of the results and the relative importance of each MS-
GDM.
Effect of environment variables and distance
of compositional dissimilarity
Given the generally higher support of Null-distance
models for Psittaciformes and alien Passeriformes
(except for f2; Fig. 3), we present the plotting of the
I-splines for the Null-distanceMS-GDMonly (Fig. 4).
The relative importance of the different explanatory
variables remained similar across the three MS-GDM
(data not shown).
Different explanatory variables were ranked as
most important for the three groups of birds, yet their
relative importance remained similar across different
orders of fwithin each group, suggesting that the same
set of variables in general influence the compositional
dissimilarity of both rare and common species
(Fig. 4). Urban area was the most important explana-
tory variable for the compositional dissimilarity of
Psittaciformes (higher amplitude of I-splines in
Fig. 3), followed by pastures, aridity and forest. Small
increments in the proportion of urban area in smaller
cities were related to higher changes in its composi-
tional dissimilarity, as shown by the initial steep slope
of the spline, followed by a plateau. For alien
Passeriformes, the most important explanatory vari-
able was proportion of pastures, followed by temper-
ature and aridity. For native Passeriformes the aridity
was the most important explanatory variable, with
small changes in the lower range of the aridity index
(hence, more arid environment, see Table 1) implying
higher changes of the compositional dissimilarity of
this bird group (Fig. 4). Interestingly, urban area was a
good predictor of species turnover for the zeta order 2,
i.e. for rare native Passeriformes. However, for zeta
order 6, which has the highest explanatory power
Fig. 3 Relative support according to DAIC of the three MS-
GDM considered: without including inter-city distances (Null-
distance), including Euclidean distance or Distance through
Roads and Railroads (DRR), per focal group and f order. For
each replicate (n = 100) and within each bird group and f order
(2, 3, 6, 12) (see Methods) section, the MS-GDM(s) with
DAIC\ 2 were classified as having higher support. The pies
indicate the relative proportion of each MS-GDM type having
higher support, i.e. larger areas in pies indicate higher support
cFig. 4 Medians of the I-splines generated by the MS-GDM
Null-distance (100 replicates), showing the effect of the six
explanatory variables considered on zeta diversity for zeta
orders 2, 3, 6 and 12. The maximum value of the I-spline
(range = 1) indicates the relative importance of changes in the
variable values comparative to other variables (for the same
order) in explaining zeta diversity. The variation in the slope of
the I-splines indicates how the rate of compositional dissimi-
larity changes along the gradient of the variable (range). For
example, aridity has the stronger effect on compositional change
of native species (higher amplitude) and such effect is stronger
in more arid than in humid environment, which is reflected in the
I-spline of Aridity being steep in the lower range and flatter as
the Aridity index increase
123
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based on the Pearson correlation, urban area is not a
good predictor anymore, and temperature becomes the
second main predictor.
Discussion
In this study, we assessed how the composition of alien
Psittaciformes and Passeriformes change among Ibe-
rian cities and how these changes relate to spatial
variation in in human activity, environmental condi-
tions and spatial connectivity. We compare the results
for these groups with those obtained for native
Passeriformes. This assessment was performed using
multi-site generalized dissimilarity modelling (MS-
GDM). The MS-GDM explained on average between
12% to 33% of the variance across zeta orders for the
three bird groups, which can be regarded as a
reasonable amount when compared to other similar
studies (e.g. Latombe et al. 2018) and studies assessing
complex ecological questions (Low-Décarie et al.
2014), but nonetheless remains relatively low. The
moderate amount of variance explained for alien
species is likely a consequence of the high idiosyn-
crasy in the spatial patterns of the aliens, resulting
from the introduction of distinct species in different
regions and time periods, as well as from differences
in the invasion process stage (establishment or spread)
among species (Abellán et al. 2016). Furthermore,
other factors not considered here may also play a role
in shaping the compositional dissimilarity of the bird
groups, such as biotic interactions or resource avail-
ability (Tilman 2004; Redding et al. 2019). Also, cities
are highly complex systems with different environ-
ments that may not be entirely captured at the spatial
resolution used. Nonetheless, our results enabled us to
test the three hypotheses understudy, which concern
the role of colonization/propagule pressure (H1),
environmental suitability (H2) and human connectiv-
ity (H3) in shaping the compositional dissimilarity of
the three bird groups.
Overall, our results partially support our H1, i.e.
drivers related to human activity are related to changes
in the compositional dissimilarity of Psittaciformes,
but not of alien Passeriformes. Likewise, the results
also partially support our H2, as those explanatory
variables related to climate and habitat seem to have a
low importance for Psittaciformes, but they had a
higher importance in shaping the compositional
dissimilarity of both alien and native Passeriformes.
Also, these results support to some extent our H3, i.e.
including the connectivity through linear transporta-
tion infrastructures generally improves the explana-
tion power of MS-GDM relating the compositional
dissimilarity of alien Passeriformes in comparison to
native ones.
Regarding the first hypothesis, human activity, here
measured as proportion of urban area, was an impor-
tant driver of compositional dissimilarity for alien
Psittaciformes, but not for alien Passeriformes. Larger
urban areas are known to host a greater number of
alien species due to higher importation rates, both in
number of individuals and of species, when compared
to smaller cities (McKinney 2006). Yet, as expressed
in our results, apparently small increases in urban
areas is related to higher changes in compositional
dissimilarity of Psittaciformes. This is probably
related to the fact that only cities above a certain size
threshold can provide the conditions for establishment
of some Psittaciformes, e.g. due to food availability
and thermic islands, as found for monk parakeets
(Myiopsitta monachus) (Davis et al. 2014). On the
other hand, alien Passeriformes showed an almost
complete absence of response to urban gradients,
being mainly conditioned by environmental factors.
Despite the higher relative importance of the
habitat and climate for alien Passeriformes, the
amount of variance explained by these variables was
substantially lower than that explained for native
birds, supporting hour hypothesis (H2) of a higher role
of environmental gradients in shaping the distribution
of native species. The higher variance explained for
native Passeriformes may also be partly explained by
the higher number of species in this group and
therefore the fact that the zeta values normalised by
the minimum richness (Eq. 1) are less influenced by
the potential idiosyncratic presence of species, whose
impact on richness increases as the richness decreases.
Furthermore, differences of explained variance
between zeta orders for native Passeriformes show
the importance of not only considering pairwise
comparisons in turnover, which can underestimate
the importance of environmental variables in explain-
ing species composition due to the presence of rare
species. The emergent signal of environmental filter-
ing is also already noteworthy for alien Passeriformes,
highlighting a progression towards equilibrium in their
distribution, determined by abiotic conditions, for a
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relevant portion of the species. A similar result was
obtained elsewhere for other less mobile alien taxa,
namely plants and molluscs (Sorte et al. 2014;
Capinha et al. 2015), which altogether, could con-
tribute to the increased matching of biogeographical
patterns and environmental gradients at the global
scale (Capinha et al. 2015).
According to our results, the lower end of thermal
and aridity gradients seems to set important environ-
mental filters for alien birds. Although comparison
with the thermal conditions in the native range of alien
birds would be required to draw clearer conclusions,
we can hypothesize that this may be a reflection of the
two dominant climate types in the Peninsula, the
Oceanic (colder and wetter) and Mediterranean cli-
mates (warmer and drier), which set the main biogeo-
graphical boundaries in this region (Olson et al. 2001).
The same type of responses is also noticeable for
native Passeriformes but, in this case, the aridity
gradient becomes more relevant than the one of
temperature, differently from what was found for
aliens. The reasons for this difference are not clear but
could be simply related to a greater level of specialism
towards this factor by native species. For example,
native forest bird assemblages in southern Portugal
show significantly lower richness and abundance on
the south-facing slopes compared to the north-facing
slopes, particularly in the drier regions (Correia et al.
2015).
We found a marked difference in the effect of the
distance between cities for the two Passeriformes
groups, suggesting that the different groups of species
are differentially shaped by spatial connectivity
(Figs. 2 and 3). This was especially true for low
orders of zeta, whereas for orders above 6, the null
model received the most support. One possible
explanation can be found in the additive property of
dispersal and niche filters to explain community
composition (Latombe et al. 2015). Following the
filter paradigm, a species present in an environmen-
tally optimal location has a higher chance to be also
present in a nearby non-optimal location through
propagule pressure and dispersal than a species that is
absent from the optimal location. This influence of
dispersal and propagule pressure on species compo-
sition is therefore more likely to be apparent in the
analyses for rare species which are only present at a
few locations and absent from other distant locations
with suitable environments.
It was not possible to detect evidence of an effect of
human connectivity on species composition, as the
two distance matrices (Euclidean and DRR) were
highly correlated. This stems from today’s major roads
and railways usually following an almost straight line,
very similar to the Euclidean distance. Therefore, this
effect can probably only be tested on larger continental
scales. Nevertheless, for alien Passeriformes a large
amount of MS-GDM including DRR received a higher
support than Euclidean distance at all f orders. This
can be due to roads and railways being preferred
corridors of natural dispersal for some species (Arnold
and Weeldenburg 1990). For example, it has been
shown that some alien Passeriformes, such as the
common myna (Acridotheres tristis), are more com-
mon in road verges than in surrounding habitats
(Arnold and Weeldenburg 1990; D’Amico et al.
2013). In contrast, the higher support of the MS-
GDM Null-distance for Psittaciformes is possibly a
consequence of higher importations of these alien
birds in multiple cities over the whole of Iberia, which
offset the effects of local dispersal. For example,
before the ban on imports of wild-caught birds in 2005,
the parrot trade to European Union, and consequently
importation into European cities, was among the
largest within pet birds (McKinney 2006; Reino et al.
2017; Cardador et al. 2019).
Management implications
Useful management actions can be derived from our
research, although further information and under-
standing will be needed to improve our models and
their predictive utility. The finding that the same set of
variables maintain the same relative importance across
multiple orders of f within each of the groups of
species suggests that the spatial planning of manage-
ment and monitoring actions could consider targeting
rare alien species in early stages of invasion. In
addition, the finding that road and railway distance
between cities contributes to the composition of alien
Passeriformes highlights a role for local dispersal
dynamics mediated by humans and the possible use of
these infrastructures as corridors for natural dispersal
by the species. On the other hand, changes in the size
of the urban area, particularly in the lower range of
values, seem to be a key driver of differences in
compositional dissimilarity for Psittaciformes. Thus,
management and surveillance plans could focus on
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small but rapidly expanding urban areas, as these are
the places where the composition of Psittaciformes
assemblages appears to be more likely to change,
namely due to the arrival of new species. Overall, we
show that identifying the spatial factors that explain
levels of compositional dissimilarity of alien species
could provide essential information to the design of a
network of priority sites for integration into national
observatory and monitoring systems for alien species
(Latombe et al. 2017a).
Acknowledgements FA was funded through a post-doctoral
grant from Fundação para a Ciência e Tecnologia (FCT, SFRH/
BPD/115968/2016). PA is funded by ‘V Plan Propio de
Investigación’ of the Universidad de Sevilla (Spain). LC is
funded by the H2020-MSCA-IF-2016 fellowship No 752149.
CC was funded by National Funds through FCT, I.P., under the
programme of ‘Stimulus of Scientific Employment—Individual
Support’ within the contract ‘CEECIND/02037/2017’. The
authors would like to thank the two anonymous reviewers for
their comments and suggestions to an earlier version, which
greatly improved the manuscript.
References
Abellán P, Carrete M, Anadón JD, Cardador L, Tella JL (2016)
Non-random patterns and temporal trends (1912–2012) in
the transport, introduction and establishment of exotic
birds in Spain and Portugal. Divers Distrib 22:263–273
Abellán P, Tella JL, Carrete M, Cardador L, Anadón JD. 2017.
Climate matching drives spread rate but not establishment
success in recent unintentional bird introductions. In:
Proceedings of the National Academy of Sciences:
201704815
Arnold GW, Weeldenburg JR (1990) Factors determining the
number and species of birds in road verges in the wheatbelt
of Western Australia. Biol Conserv 53:295–315
Ascensão F, Capinha C (2017) Aliens on the move: trans-
portation networks and non-native species. In: Borda-de-
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